Therefore, the membrane transport process at the bloodorgan barrier is one of the determinant steps for the transfer of drug between the circulating blood and the interstitial fluid in an organ. The brain has two types of barriers: the bloodbrain barrier (BBB), brain capillary endothelial cells, and blood-cerebrospinal fluid (CSF) barrier (BCSFB), choroid plexus epithelial cells. 2, 3) The retina is similar to the brain and it also has two types of barriers: an inner blood-retinal barrier (iBRB), retinal capillary endothelial cells and an outer blood-retinal barrier (oBRB), retinal pigment epithelial (RPE) cells. 4) In order to maintain the brain and neural retina, these barriers express influx and efflux transporters that play a role not only in supplying nutrients but also in detoxifying any excess of neurotransmitters and their metabolites. 5, 6) There have been many investigations, especially at the BBB, of carrier-mediated influx transporters, such as GLUT1, 7) monocarboxytransporter 1 (MCT1), 8) and LAT1 9) and carrier-mediated efflux transporters and transport processes, such as P-glycoprotein (P-gp), 10, 11) excitatory neurotransmitters 12) and neurosteroids transport processes. 13, 14) In vitro experiments using freshly isolated cells, primary culture cells and immortalized cell lines play a very important role in elucidating the physiological and biological functions of cells. Immortalized cell lines are very useful tools for investigating blood-brain and -retinal barriers transport functions. It is desirable to screen the transport characteristics of drugs that act on the central nervous system (CNS) and neural retina, i.e., it would be especially useful if this could be done by highthroughput screening. Cell lines could also replace the need for large numbers of animals because the amount of brain capillary endothelial cells 15) and choroid plexus epithelial cells 3) is less than 0.25% of the weight of the entire brain. In addition, the amount of capillary endothelial cells accounts for only a few percent of the entire retina, 16) and the retina is much smaller than the brain.
Recently, transgenic rats harboring the temperature-sensitive simian virus 40 (ts SV 40) large T-antigen (Tg rat) have been developed as a source of conditionally immortalized cell line (Chart 1). 17) Several conditionally immortalized cell lines with differentiated functions, such as hepatocyte cells, 18) gastric surface mucous cells, 19) and RPE cells, 20) have been developed from transgenic mice harboring the ts SV 40 large T-antigen gene (Tg mouse). These transgenic animals have several advantages for establishing immortalized cell lines (Table 1) . 21) (1) The ts SV 40 large T-antigen gene is unlikely to disrupt any other critical gene in cells since the Tg rat is homozygous and the Tg mouse is reared until it is 5 months old. Any risk of transfection can be avoided using a vector in primary culture cells. (2) It is possible to use cells under more normal physiological conditions at 37°C (intermediate temperature) than at 33°C (permissive temperature) because ts SV 40 large T-antigen is inactivated at 37°C (Chart 1). At 37°C, cells exhibit a relatively low amount of SV 40 large T-antigen. (3) It is possible to maintain co-culture conditions for several types of cells, i.e., co-culture conditions among brain capillary endothelial cells, astrocytes, and pericytes and then clone the specific cells. (4) It is easy to establish cell lines even although the cell growth rate is slow, as in the case of endothelial cells. (5) It is not necessary to purify cells at the first cell isolation step. The cells can be cloned from different types of cells, for example fibroblasts. (6) Although cell lines can be established from any tissues from the Tg rat and Tg mouse, this strategy is especially useful for establishing cell lines from source tissues, which have very small dimensions like barrier organs. (7) There can be a major saving in animals if primary culture cells from small animals are used. (8) Cell can be cloned for a relatively short period, for example about 2 to 3 months.
The ts SV 40 large T-antigen gene is stably expressed in all tissues and cultured cells can be easily immortalized by activation of the SV 40 large T-antigen at 33°C. 21) The activated large T-antigen is thought to induce cell proliferation by interacting with the retinoblastoma gene products (Rb) and p53, which normally regulate cell proliferation, and inactivate the growth-suppressive function of these two proteins (Chart 1). 21) In this review, we shall focus on cell characterization and transport functions in the brain and retinal capillary endothelial and choroid plexus epithelial cell lines established from Tg mice and Tg rats.
CONDITIONALLY IMMORTALIZED CELL LINES
Conditionally immortalized rat brain capillary endothelial cell lines (TR-BBB) 22) and rat retinal capillary endothelial cell lines (TR-iBRB) 23) and rat choroid plexus epithelial cell lines (TR-CSFB) 24) were established from Tg rats (Fig. 1 ). Conditionally immortalized brain capillary endothelial cell lines were also established from Tg mice (Fig. 1) . 25) These cell lines express SV 40 large T-antigen with a molecular weight of 94 kDa and proliferate at 33°C (permissive temperature). The doubling time of TM-BBB, TR-BBB, TRiBRB, and TR-CSFB cells is 20 h, 22 h, 19 h, and 40 h, respectively. Typical cell growth kinetics of TM-BBB cells at 33, 37 and 39°C are shown in Fig. 2B . The cell growth of TM-BBB cells at 37°C (intermediate temperature) is slower than that at 33°C. At the nonpermissive temperature (39°C), TM-BBB cells fail to grow, probably because apoptosis has been induced by an increase in free p53 proteins liberated from the complex with SV 40 large T-antigen due to degradation. However, growth is resumed when the culture temperature is lowered to 33°C (Fig. 2B) . Cell growth is regulated by SV 40 large T-antigen expression because the expression at 37 and 39°C is lower than that at 33°C (Fig. 2A) . These cell lines display stable growth and differentiated characteristics after more than 60 passages following cloning. Therefore, these cell lines are referred to as conditionally immortalized cell lines due to the expression and action of ts SV 40 large T-antigen.
CHARACTERIZATION OF CONDITIONALLY IMMOR-TALIZED CELL LINES
Phase contrast microscopic images of these cell lines are shown in Fig. 3 . TM-BBB, TR-BBB, and TR-iBRB cells ap- Table 1 T-antigen at 37°C). 3. It is possible to maintain co-culture conditions for several types of cells, i.e., co-culture, and then clone the specific cells. 4. It is easy to establish cell lines even although cell growth rate is slow. 5. It is not necessary to purify cells completely at the first cell isolation step. 6. It is easy to establish cell lines from source tissue, which have very small dimensions. 7. There is a saving in animals compared with the number needed for primary culture. 8. The cell cloning period is relatively short (about 2 to 3 months). (Fig. 3D) . Transthyretin (TTR), which is a choroid plexus-specific thyroxine transport protein in the brain, 26) is expressed in TR-CSFB cells. Na
-ATPase, which is specifically localized on the brush border side (CSF side, apical side) of choroid plexus epithelial cells, is predominantly localized on the apical side of TR-CSFB cells.
TRANSPORT CHARACTERIZATION OF CONDITION-ALLY IMMORTALIZED CELL LINES
TM-BBB, TR-BBB, and TR-iBRB cells express GLUT1 at 55 kDa, which can be determined by Western blot analysis using anti-GLUT1 antibody. GLUT1 is expressed in brain 7) and retinal capillary endothelial cells 27) in vivo and plays a role in supplying D-glucose to the brain and retina from the circulating blood. The transport function in TM-BBB, TR-BBB, and TR-iBRB cells can be determined by using 3-Omethyl-D-glucose (3-OMG) as a substrate for GLUT1. The Michaelis-Menten constant (K m ) for these cells is 6.59 mM (TM-BBB), 9.86 mM (TR-BBB), and 5.56 mM (TR-iBRB), respectively. These figures are very similar to the reported in vivo values. The maximum uptake rate (V max ) for TM-BBB, TR-BBB, and TR-iBRB cells is 43.6 nmol/(min · mg protein), 60.5 nmol/(min · mg protein), and 45.3 nmol/(min · mg protein), respectively. Compared with in vivo functions involving 3-OMG uptake clearance (CL), the conditions required are: (i) the amount of protein for TR-BBB cells is 22 cm 2 /mg protein, (ii) the surface area of the rat cerebrum capillary is 100 cm 2 /g brain. 28 ) From this, the BBB uptake CL of 3-OMG can be estimated to be 27.9 ml/(min · g brain) from the equation CLϭV max /K m [ϭ60.5 nmol/(min · mg protein)Ϭ22 cm 2 / mg proteinϫ100 cm 2 /g brainϬ9.86 mM]. In a previous paper, 29) the in vivo BBB uptake clearance of 3-OMG was reported to be 93 ml/(min · g brain). TR-BBB cells would, therefore, possess at least 1/4 the 3-OMG transport activity for MCT1 transports endogenous monocarboxylates such as L-lactate, pyruvate, b-hydroxybutyrate, and acetate, coupled with H ϩ , and is localized at the BBB and iBRB. 8, 31) It may play a role in the L-lactate efflux transport from brain and retina to detoxify any excess L-lactate. It is also expected to be involved in monocarboxylate drug delivery to the brain and retina because it appears to act via bi-directional L-lactate transport at the BBB. The large neutral amino acid transporter, which is composed of a heterodimer of the 4F2hc heavy chain and the LAT1 light chain, has been cloned by Kanai et al. 33) Boado et al. have shown that LAT1 is selectively expressed at the rat BBB, compared with other tissues.
9) TR-BBB cells express mRNA of both LAT1 and 4F2hc, suggesting that TR-BBB cells may reflect the in vivo amino acid transport system. TM-BBB, TR-BBB, and TR-iBRB cells express P-glycoprotein (P-gp) at ca. 170 kDa, as determined by Western blot analysis using anti-P-gp antibody. Using RT-PCR, they have been found to express mdr 1a and 1b mRNA. TR-BBB and TR-iBRB cells also exhibit mdr 2 expression, but TM-BBB cells have not been studied yet. The rat and mouse BBB express mdr 1a in vivo but may not express mdr 1b and mdr 2.
11,34) It is possible that mdr 1b and mdr 2 undergo up-regulation in culture cells. The rat brain endothelial cell line, RBE4, which is a cell line transfected from the SV 40 T-antigen gene, expresses both mdr 1a and mdr 1b, although RT-PCR has shown that isolated rat brain capillary endothelial cells express only mdr 1a. However, in this case, mdr 2 was not determined. 35) In TR-BBB cells at least part of the P-gp is encoded from the P-gp gene in vivo, i.e., mdr 1a. Mrp1, another drug efflux transporter, has been shown to be present at the BBB by Western blot analysis using mouse (MBEC4) 36) and rat (RBE4) 35) immortalized brain capillary endothelial cell lines and isolated brain capillary. 35, 36) It may also play an important role in efflux transport from the brain and prevent endogenous and exogenous organic anions from entering the brain. 36) Although the efflux transport activities for mrp1 need to be determined, TR-BBB cells express mrp1 mRNA. On the other hand, TM-BBB cells exhibit efflux transport activity for cyclosporin A (CsA), which is a P-gp substrate, 37) since CsA cell accumulation in TM-BBB cells is enhanced in the presence of verapamil and vincristine, typical P-gp inhibitors (Fig. 4A) . 37) Organic anion-transporting polypeptide2 (oatp2) protein has been cloned 38, 39) and detected in rat liver hepatocytes, brain capillary endothelial cells, and the choroid plexus epithelial cells, suggeting that it plays an important role in the disposition of some drugs. [40] [41] [42] Although oatp2 is located at the BBB, it is not yet clear whether oatp2 is involved in the influx or efflux transport of organic anions at the BBB. TM-BBB cells exhibit a concentration-dependence for dehydroepiandrosterone sulfate (DHEAS), a neuroactive steroid 43) and a substrate for oatp2, 42, 44) and the cell has a K m of 34.4 mM.
13) DHEAS undergoes efflux from the brain to the circulating blood across the BBB. 13) This has been evaluated by the Brain Efflux Index (BEI) 29) method using rats. DHEAS efflux transport is a saturable process with a K m of 32.6 mM. Although there is an interspecies difference between mice and rats, the K m value estimated from DHEAS uptake by TM-BBB cells is similar to that determined by the in vivo BEI method. Moreover, this in vivo efflux transport is significantly inhibited by common rat oatp substrates, such as taurocholate, cholate, sulfobromophthalein and estrone-3-sulfate, suggesting that DHEAS undergoes efflux across the BBB via oatp2, which is present in rat brain capillary endothelial cells. 40) On the other hand, p-aminohippuric acid (PAH) did not affect DHEAS efflux transport across the BBB, suggesting that OAT 1 45) and OAT 3, 46) which are localized in the brain and transport PAH, are not involved this efflux transport. [ 3 H]DHEAS uptake by TM-BBB cells is significantly inhibited by the oatp2-specific substrate, digoxin.
38) Conversely, [ 3 H]digoxin uptake was significantly inhibited by DHEAS (Fig. 4B) . RT-PCR and sequence analysis suggest that oatp2 is expressed in TM-BBB cells although mouse oatp2 has not been cloned yet.
System A, which is an Na ϩ -dependent small neutral amino acid transporter 47) and appears to be located on the abluminal side of the BBB 47) and brush border side of the choroids plexus epithelial cells, 48) may play a role in the efflux transport of amino acids in order to maintain constant concentrations of amino acids in the brain. TR-CSFB cells exhibit Lproline uptake activity involving both high and low affinity processes with K m values of 5.3 mM and 1.6 mM, respectively. These processes are both Na ϩ -and energy-dependent, as well as being ouabain-sensitive. It is also inhibited by amethylaminoisobutylic acid (MeAIB), a specific substrate for system A. 49) When [ 3 H]L-proline uptake was measured using the Transwell (Corning Coster, Cambridge, MA) device, the L-proline uptake rate following application to the apical side was 5-fold greater than that following application to the basal side. RT-PCR analysis suggests that ATA2, which is one of the system A mRNA subtypes, 50) is expressed in TR-CSFB cells. Therefore, system A is predominantly expressed on the apical side of TR-CSFB cells. The L-proline concentration in the CSF under normal conditions is 3.8 mM and much lower than that in the plasma (182 mM).
51) The high and low affinity transport processes would maintain a low level since L-proline is know to produce L-ornithine in the brain 52) and this compound has neurotoxic effects. 53) In addition, both Na ϩ -dependent and Na ϩ -independent L-glutamic acid (L-Glu) uptake processes are present in TR-CSFB cells. The Na ϩ -dependent L-Glu uptake process appears to be system X Ϫ AG , which may be present at the CSFB. 54) However, the Na ϩ -independent L-Glu uptake process is supposed to be system Xc Ϫ due to the agreement in the manner of inhibition. System Xc Ϫ , which has been cloned in mouse macrophages, is inducible under oxidative stress. 55) Although it is possible to induce system Xc Ϫ in TR-CSFB cells throughout the entire culture period, further studies are needed to identify system Xc Ϫ in TR-CSFB cells and choroid plexus epithelial cells in vivo.
ADVANTAGES OF CONDITIONALLY IMMORTALIZED CELL LINES
Recent molecular biology techniques have enabled the identification and characterization of specific transporter genes and proteins at the BBB, iBRB, and BCSFB. As far as the BBB is concerned, several transporter genes have recently been cloned and characterized. The representative transporters and transport processes at the BBB, iBRB, and BCSFB are summarized in Table 2 . At the iBRB, only three transporters, GLUT1, 27) P-gp, 56, 57) and MCT1, 31) have been identified by the immunocytochemistry analysis. TR-iBRB cells express these transporters and exhibit 3-OMG and Llactate uptake activity for GLUT1 and MCT1, respectively. TR-BBB and TM-BBB cells have typical transporters, such as GLUT1, P-gp, and oatp2, localized at the BBB and function as respective substrates. TR-CSFB cells exhibit L-proline uptake activity for system A. Therefore, TM-BBB, TR-BBB, TR-iBRB, and TR-CSFB cells established from Tg mice and Tg rats retain some in vivo transport functions, even although (1) characterization of transport function and its regulation, (2) cloning of cDNAs for transporters because it is able to make the cDNA library to supply mRNA stably and in large quantities, (3) identification of brain/retina specific transporter/receptor genes by using the differential display method among mRNA of TR-BBB, TR-CSFB and TR-iBRB, (4) effects of the extracellular matrix on the capillary formation for TR/TM-BBB and TR-iBRB, (5) the mechanism of cell differentiation, aging, and apoptosis since ts SV40 large T-antigen binds to p53 and Rb at 33°C and is free, i.e. unbound, at 39°C , (6) co-culture system for TM/TR-BBB cells, brain capillary pericytes, and astrocytes, or for TR-iBRB cells, retinal capillary pericytes, and Müller cells. Conditionally immortalized rat pericytes (TR-PCT) 58) and astrocytes (TR-AST) 59) have been established from Tg rats (Fig. 1) . Co-culture between TR-BBB and TR-AST cells causes significant induction of GLUT1 mRNA expression, and g-GTP and ALP activity in TR-BBB cells. 58) (7) Using the above cell-cell interaction combinations, it is possible to elucidate molecular mechanisms underlying hemostasis and leukocyte migration. (8) The signal transduction mechanism and function of tightjunction, TM-BBB and TR-BBB cells express tight-junction strands, such as occludin, claudine-5, and junctional adhesion molecules even although these cells do not have enough tight-junctions to allow a transcelluar transport study to be carried out at the present time. 
CONCLUSIONS
Conditionally immortalized cell lines can be established from Tg mice and Tg rats. These cell lines can be used to regulate cell growth by changing the culture temperature. They have several markers and functions for endothelial and epithelial cells. They also express several transporters and exhibit transport functions. At the BBB, several transporters have been identified for not only the brain support system, which carries nutrients from the blood to the brain, but also the detoxifying system, which carries out the efflux transport of neurotransmitters and their metabolites. 6, 60) However, it is possible to identify unknown transporters and elucidate variation of transporters at the BBB by means of TM/TR-BBB cells. In order to optimize drug therapy in the CNS, it is necessary to know information at cellular level of the BBB as well as pharmacogenomics. 61) On the other hand, only a few transporters have been identified at the iBRB and BCSFB. There are many opportunities to discover new transporters and functions by means of TR-iBRB and TR-CSFB at both barriers. These cell lines would be good in vitro models for drug transport to the brain and retina and a screen for drugs which might be suitable for delivery to the brain and retina.
